Purpose In this work, we describe a system for the morphological scoring of human oocytes prior to fertilisation and use this system to test whether oocyte morphology is an indicator of fertilisation, embryo development and implantation potential. Methods The study is a prospective trial of the use of oocyte morphological scores in 822 patients undergoing their first cycle of ICSI. Analyses of oocytes were performed prior to ICSI procedures and the scores compared with fertilisation rates, embryo quality and clinical results.
Introduction
The aim of human in vitro fertilisation (IVF) protocols is to enable patients to achieve an acceptable singleton pregnancy rate with the transfer of a minimal number of embryos into the uterus [1] [2] [3] [4] . This is usually achieved either by the extended culture of human embryos to the blastocyst stage [5, 6] or by the morphological analysis and selection of the highest quality embryos for transfer [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . More recently, the assessment of zygote quality has been applied [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Although these techniques have greatly assisted in achieving an acceptable pregnancy rate with the minimum number of embryos transferred into the uterus, one aspect of these protocols is that non-transferred embryos are discarded or cryopreserved. In recent years, countries such as Italy, Germany and Switzerland have effectively banned this practice on ethical grounds [33] [34] [35] . In Italy, it is now forbidden to produce more than three embryos in a single IVF cycle, effectively limiting to three the number of oocytes inseminated. Therefore, the assessment of zygote and embryo quality scores alone can no longer be used as a selection criterion in these countries. A standardised method for the morphological assessment of metaphase-II stage human oocytes prior to ICSI could prove to be an extremely useful tool in selecting three oocytes for insemination, not only for countries in which embryo selection is prohibited, but as a general addition to the selection criteria during human in vitro fertilisation protocols.
Human metaphase II oocytes have distinct morphological characteristics that may be indicative of quality and therefore used to predict implantation potential [21, [36] [37] [38] [39] [40] [41] [42] [43] . For example, regular patterns of granularity have been observed in the oocyte cytoplasm and it has been suggested that these patterns correlate with oocyte quality [44, 45] . Human oocytes may contain inclusions or vacuoles which may be detrimental to the implantation potential of this material [37, 38, [41] [42] [43] . The oocyte plasma membrane response to penetration with an ICSI pipette has also been suggested to be a useful determinant of oocyte quality [46] . Many other parameters have also been analysed in oocytes such as zona pellucida thickness, spindle birefringence and extracellular dysmorphisms [36, 47, 48] . Results vary as to whether distinct oocyte dysmorphisms have any relation to fertilisation and development rates, probably due to a discordance in the scoring of these dysmorphisms [50] , although an effect on pregnancies is often noted [21, 36, 47, 50] .
We previously demonstrated that a simple, combined zygote and embryo quality assessment could be used to select material for transfer during cycles of in vitro fertilisation [51] . In this report, we have used three simple parameters of oocyte morphology that can be determined by light microscopy in the absence of any additional equipment prior to ICSI to test whether the analysis of oocyte morphology is applicable to the selection of oocytes for insemination. We tested whether the use of the specific oocyte morphologies tested as a selection criterion could increase the accuracy of the predictability of previously assessed scores and therefore be applied to the selection of oocytes for microinjection.
Materials and methods

Patients
Patients were attending IVF clinics in Italy for in vitro fertilisation protocols. All patients included in the present study were undergoing their first cycle of ICSI. Patients were prepared using standard controlled ovarian hyperstimulation protocols including downregulation of the pituitary gland with a GnRH agonist (Decapeptyl, Ipsen, Italy) followed by ovarian stimulation with exogenous FSH (Gonal-F, Serono, Italy). A single member of the medical staff co-ordinated all stimulation protocols, ensuring standardisation. Oocyte retrieval was performed 36 h after the administration of 10,000 UI hCG when two to three follicles of 18-20 mm diameter were observed by ultrasound examination, and blood 17β-oestradiol levels reached 150-200 pg/ml/follicle over 18 mm. All oocytes in the present project were treated with ICSI 3 h after oocyte retrieval (60 min after removal of the cumulus complex). A single team of biologists coordinated all biological work, ensuring that both culture protocols and embryo assessment were standardised. Oocytes were processed for ICSI using commercial IVF medium (Medicult, Copenhagen, Denmark) pre-equilibrated to 37°C and 5% CO 2 . According to Italian Law [35] , no more than three embryos can be produced during a single IVF procedure. Therefore, oocyte quality was assessed immediately prior to the ICSI procedure, and where possible, three oocytes of equivalent grade selected for insemination and cultured individually to enable further assessment. Zygote quality was scored 16-17 h after ICSI. Embryo quality on day 2 was assessed 40-41 h after insemination. Embryos were transferred in all cases on the second day after oocyte retrieval. The establishment of a pregnancy was considered as a positive β-hCG test of over 60 IU/l 14 days after embryo transfer. The implantation rate was calculated by the observation of foetal heartbeats after ultrasound analysis, 8 weeks after the establishment of pregnancy.
Study design
The study is a prospective trial to test the effect of specific morphological assessment of oocytes from 1,364 patients treated in Italy between January 2004 and December 2005. Patients were unselected for age, BMI and treatment protocol. Patients diagnosed for endometriosis and polycystic ovarian syndrome were excluded from the study due to the possible influence of these factors on oogenesis or endometrial receptivity. Furthermore, semen samples were always fresh ejaculates in order to exclude the influence of non-ejaculated or cryopreserved semen on the clinical results. In the 822 patients selected for oocyte morphological assessment, all oocytes of a cohort were examined and, where possible, three oocytes of equivalent grade selected for fertilisation. The oocyte scoring system was developed based on data from published literature [36-44, 46, 49] . The choice of parameters was based on three parameters easily recognised and scored without the need for additional equipment within the laboratory. Briefly, three parameters were considered. Oocyte granularity refers to the presence of heterogeneous areas of cytoplasm. These are mostly observed either to one side of the cytoplasm or in the centre. Oocyte granularity is correlated with the localisation of mitochondria and may represent domains of high ATP request that are necessary for the normal development of embryos [52, 53] . However, granularity focused in the centre of the oocyte is considered a dysmorphism [50] . For the purpose of the present analysis, we considered granular cytoplasm to one side of the oocyte to indicate top quality and therefore awarded such oocytes three points. Granularity in the centre of the oocyte was awarded two points and oocytes lacking granularity in the cytoplasm one point (Fig. 1a) . The presence of vacuoles or inclusions within the cytoplasm was also considered because the presence of these dysmorphisms is considered an abnormality [42] [43] [44] 49] . Basically, oocytes lacking both vacuoles and inclusions were awarded three points, oocytes with either small amounts of vacuoles or inclusions two points, and oocytes containing both vacuoles and inclusions one point (Fig. 1b) . For the consideration of injection parameters, we awarded three points to oocytes in which the ICSI pipette encountered some resistance and which the removal of the pipette left a visible 'funnel' for at least 30 s; oocytes in which a considerable amount of resistance was encountered before plasma membrane rupture were awarded two points and oocytes in which no resistance to the ICSI pipette was encountered were awarded one point ( [46] , Fig. 1c ).
Statistics
All data were plotted as mean ± standard deviation unless stated. All plots and statistical analysis was calculated using the Sigma Plot and Sigma Stat software packages (SPSS, Erkrath, Germany). Regression lines were calculated by the method of least squares and the significance of the regression lines was tested with the Pearson product-moment test. The z test with Yates correction was used to test the significance of proportions where necessary.
Results
Correlation between oocyte scores and fertilisation of oocytes after ICSI
In total, data of oocyte morphology was obtained from 6,397 metaphase-II oocytes retrieved from 822 patients attending for ICSI cycles between 2004 and 2005 ( Table 1) . Fig. 1 Morphological features selected for analysis. The figure is a representative figure of morphological parameters selected for analysis. a granularity describes the observation of granules in the cytoplasm. When these are polarised to one, or both sides of the oocytes, a score of 3 points is given. Granularity localised to the centre of the oocyte is scored as 2 points, and oocytes with a complete absence of granularity awarded 1 point. b The presence of vacuoles and inclusions (consisting of any deformity of the oocyte cytoplasm) was scored, 3 points awarded to oocytes not containing any features, 2 points if the oocyte cytoplasm contained either vacuoles or inclusions, and 1 point in cases where the oocyte contains both features. c Injection properties of the oocyte were scored during the ICSI procedure. In cases where a small amount of pressure was required to rupture the oocyte plasma membrane (the membrane did not stretch further than the natural limit of the plasma membrane -see arrow) 3 points were awarded. In cases where the membrane ruptured without aspiration pressure, 2 points were awarded and where an excessive pressure was required for the rupture of the plasma membrane (see arrow), 1 point was awarded. The Italian Law of 2004 [35] restricts to three the number of embryos to be formed during an IVF procedure. Therefore, we noted morphology scores to in the three oocytes selected for ICSI. Two thousand and seventeen of the 2,460 oocytes in which oocyte selection criteria were applied fertilised (82%, Table 1 ). We examined the relationship between the separate oocyte scores and fertilisation and development characteristics of embryos obtained during these procedures. Initially, the scores were considered independently to evaluate the effects of the distinct morphological features on fertilisation. The first parameter-oocyte granularity-was divided into three groups: granularity observed localised to one side of the oocyte (three points), granularity observed in the centre of the oocyte (two points) and oocytes with homogenous cytoplasm lacking granular features (one point). Of the 6,397 oocytes examined, 2,460 oocytes were selected for ICSI after the evaluation of morphology (Table 1 ). Of these, 1,845 oocytes had score 3 cytoplasm, 492 oocytes had a cytoplasmic score of two points and 123 oocytes had score 1 cytoplasm. We noted distinct fertilisation responses correlated with the morphology of the oocyte cytoplasm. Of the 1,845 oocytes scoring three points for cytoplasmic granularity, 1,580 fertilised normally (85.6%, Fig. 1 ). The percentage of oocytes that normally fertilised diminished as the morphological score decreased. Oocytes scoring two points were characterised by a fertilisation rate of 74.4% (366/492 oocytes, Fig. 1 ).
Of oocytes with no cytoplasmic granular features (one point score), 71/123 fertilised normally (57.7%, Fig. 1 ), significantly less than that of top-scoring oocytes (p < 0.001, z test). Levels of abnormally fertilised oocytes and degenerated oocytes did not show any correlation between the three groups. The presence of vacuoles or cytoplasmic inclusions in the oocyte cytoplasm was also considered in the 2,460 oocytes selected for ICSI. Of 1730 oocytes with no cytoplasmic defects (score three points), 1,490 fertilised normally (86.1%, Fig. 1 ). This result was not significantly different in oocytes in which a single defect was present (two point Fig. 1 ).
Where two defects were present in the oocyte cytoplasm (one point), a strong reduction in the level of fertilisation was noted (85/202 oocytes, 42.0%, Fig. 1 ) together with a strong increase in the level of oocyte degeneration after ICSI (76/202 oocytes degenerated, 37.6%, Fig. 1 ), suggesting that these oocytes are severely compromised. The third morphological score examined the response of the oocyte plasma membrane to the ICSI pipette. Here, three points were awarded to 'normal break' oocytes (oocytes in which some suction is required to rupture the plasma membrane), two points to 'easy break' oocytes (oocytes in which the plasma membrane breaks immediately upon the pressure of the ICSI pipette) and one point to 'difficult break' oocyte patterns (oocytes in which excessive suction is required to rupture the oocyte plasma membrane). Again, a correlation was noted between injection pattern and the fertilisation potential of individual oocytes. Of the 2,460 oocytes selected for ICSI, 'Normal break' oocytes (score 3) were characterised by a fertilisation rate of 86.0% (1,547/ 1,799 oocytes, Fig. 1 ). 'Easy break' (score 2) oocytes had a significantly lower level of fertilisation. In the present data, 194/325 'easy break' oocytes fertilised (72.9%, Fig. 1 ). This was coupled with a level of oocyte degeneration and abnormal fertilisation after ICSI significantly higher than that of normal break oocytes (89/325 oocytes, 21%, Fig. 1 ). Interestingly, neither the level of fertilisation nor levels of degeneration of 'difficult break' oocytes were significantly different to the levels observed in 'normal break' oocytes. Here, 276/336 oocytes fertilised normally (82.1%, Fig. 1 ).
We examined whether combinations of scores could more precisely determine the fertilisation rate (see Table 2 ). Fertilisation rates were affected by combinations of scores (Table 2) . We noted that oocytes in which the presence of Fig. 4 Correlations between oocyte morphological scores and morphological scores applied during the first two days of development. Top Correlation between oocyte and zygote morphology. Centre Correlation between oocyte morphology and embryo morphology. Embryo morphology was assessed on day 2 (40-41 h after fertilisation). Bottom Correlation between oocyte morphology and cumulative embryo score. Zygote, embryo and cumulative scores were assessed according to previous work [51] . Continuous line shows correlation coefficient and dotted lines are the 95% confidence intervals. The data is derived from a total of 2,017 oocytes in which fertilisation was verified after the analysis of morphology Fig. 3 Correlation between normal fertilisation rates and combinations of oocyte morphological scores. Oocyte morphological scores can vary between three and nine. Fertilisation rates at each level of morphological analysis are shown. Long dashed line is the correlation coefficient and dotted lines are the 95% confidence intervals. The data is derived from a total of 2,017 oocytes in which fertilisation was verified after the analysis of morphology top scores for both morphology and injection parameters were noted were characterised by a higher fertilisation rate than these scores alone (Table 2) . Furthermore, the presence of vacuoles and vesicles in the oocyte cytoplasm influenced the fertilisation characteristics of oocytes negatively, even in the presence of top scores for other morphological characteristics (Table 2) . When the three parameters were assessed together, oocytes considered 'top quality' according to the present scoring scheme (i.e. with nine points) achieved a fertilisation rate of 96% (1,620/1,688 oocytes fertilised, Fig. 2 ). Lowest quality scoring oocytes were characterised by a fertilisation rate of 25.6% (11/43 oocytes, Fig. 2 ). The percentage of fertilised oocytes was highly correlated with the oocyte score (r=0.99, p < 0.001, Fig. 2 ). These data suggest that the top scoring oocytes are correlated with the highest fertilisation rate.
Correlation between oocyte and embryo scores
In collaboration with other groups, we have previously applied a scoring system to human zygotes and embryos to test the relationship between this and clinical outcome after IVF [49] . The previous work suggested that a combination of zygote and embryo scores and growth rate of preimplantation embryos could be used to select embryos with high implantation potential for transfer. In the present work, we applied this scoring system to oocytes fertilised after the analysis of oocyte morphology to test whether oocyte scores could increase the accuracy of this system. We first tested whether that the previously noted correlations were present in the present data. The correlation coefficient between zygote and day 2 embryo scores in the present work was 0.25 (p < 0.001, n = 3323). This was not significantly different from the previous work, demonstrating that the scores are reproducible.
We examined whether the development of a top quality embryo according to the previous morphological assessment could be predicted from the morphological analysis of oocytes prior to ICSI. Zygote and embryo morphology scores were registered in all 2,017 oocytes fertilised after the evaluation of oocyte. Oocyte morphology scores were found to have some correlation with zygote quality assessments (r = 0.25, p < 0.001, n = 2,017, Fig. 3) . The assessment of simple embryo morphology did not correlate with oocyte morphology. Of the 2,017 oocytes fertilised after morphological assessment, the correlation between oocyte and embryo morphology was absent (r = 0.07, p > 0.05, n = 2017, Fig. 3) . However, if a cumulative score incorporating zygote and embryo morphology together with growth rate [51] was applied to embryo development, a correlation between oocyte morphology and embryo morphology was present (r = 0.16, p = 0.01, n = 2,017, Figs. 3 and 4) .
Can oocyte score be used to increase the predictability of outcome after ICSI?
In total, out of the 822 transfers performed after the application of oocyte morphology, 345 patients achieved a clinical pregnancy (41.9%, Tables 1 and 3 
lower right).
Although the highest quality oocytes were used from a cohort of a particular patient, this did not necessarily mean that top quality (i.e. score 9) oocytes were always selected for insemination. Furthermore, top quality embryos did not always result from the fertilisation of top quality oocytes. We analysed whether the observation of top quality oocytes alone was indicative of clinical success. Of the 822 patients examined, all oocytes retrieved in 674 cases had highly similar morphological scores (i.e. differing by a single point). Of these cases, oocytes from 485 patients were classed as 'top quality' according to the morphological score (Table 3 , upper right). We examined the results obtained in patients in which top quality embryos were derived from these oocytes. The 145 patients in which top quality embryos resulted from the fertilisation of top quality oocytes achieved a pregnancy rate of 63.4% (92 patients, Table 3 , upper left). The implantation rate was similarly high in this group (115/406 embryos implanted, 28.3%, Table 3 ). These results were a significant improvement over the background pregnancy rate where all embryo qualities were assessed (248/485 pregnancies, 51.1%, p < 0.05 and implantation rate 19.6%, p < 0,001, Table 3 , lower right). The results are also significantly higher than results obtained when all oocyte qualities were calculated, but top quality embryos resulted (Table 3 , lower left). Table 3 Effect of top quality oocyte morphology on clinical results
Embryo quality >600
All embryos
Top quality oocytes (score = 9) 63.4%** (28.3%*) n = 145 51.1% (19.6%) n = 485 All morphology-assessed oocytes 52.6%* (22.1%) n = 322 41.9% (20.0%) n = 822
Data shows pregnancy rates with implantation rates in parentheses. The z test was used to test for significant differences between proportions. *p < 0.001 **p < 0.05
Discussion
The present data suggests that individual morphological assessments are correlated with oocyte quality. The combination of results suggests that an oocyte with cytoplasmic granularity to one side of the oocyte, with neither vacuoles nor vesicles or other inclusions, and a plasma membrane that requires a small amount of pressure from the ICSI pipette before rupture, is of the highest quality. In fact, in the present data, 96% (1,620/1,688 oocytes) of such oocytes fertilised after ICSI. Our previous reports suggested that zygote and embryo quality were correlated and that the use of the combined quality scores improved clinical outcome after ICSI [51] . In the present work, we first confirmed the relationship between zygote and embryo morphology, suggesting that the previously applied scoring system is reproducible. The present data suggests that oocyte morphology correlates well with both zygote morphology and the previously determined cumulative assessment of embryo quality on day 2 [51] . We did not examine the correlation between oocyte morphology and day 3 cumulative scores in the present work because we cannot select embryos and therefore it is of little value to culture these to day 3.
Our previous clinical results suggested that the cumulative zygote and embryo score on day 2 after insemination was correlated with clinical results [51] . In the present data, we tested whether the addition of oocyte morphology could increase the clinical success rate, and therefore predictability, of the previous analysis. We therefore examined whether the pregnancy rate in cases in which top quality embryos on day 2 were derived from top quality oocytes was improved over cases in which top quality embryos were derived from all oocytes. Global data from oocyte morphology assessment produced a pregnancy rate of 52.6% for top quality embryos on day 2 (Table 3 , lower left). A significantly higher pregnancy rate of 63.4% was achieved when top quality embryos were derived from top quality oocytes (Table 3 , upper left), presumably because of the selection of the best quality oocytes for ICSI in a cohort retrieved after aspiration. The pregnancy rates for all embryos transferred when derived from top quality oocytes (51.1%) was lower than the cases in which top quality embryos were formed, (Table 3 , upper right) suggesting that oocyte quality is not determinant in the achievement of pregnancy without the development of top quality embryos. However, the fact that pregnancy rates in cases of top quality oocytes and embryos was higher than the global pregnancy rates (Table 3 , lower right) suggests that the selection of both oocyte and embryo quality has a positive effect over the use of a single scoring system, although the implantation rates were not always significantly higher (Table 3 ). These data suggest that the morphological analysis of oocyte quality to select top quality oocytes can increase the pregnancy rate in patients undergoing ICSI procedures.
The use of oocyte morphology is therefore a useful addition to the tool of a laboratory of in vitro fertilisation. The application of oocyte morphology should have a positive effect not only in countries in which embryo selection is restricted or banned, but in all laboratories. The analysis of oocyte morphology should assist in the goal during ICSI procedures of the reduction of the number of embryos transferred in a cycle to a single top quality embryo.
